Abstract Due to its productivity and potential to adapt to the expected climate change, the Douglas-fir is one of the most important commercial non-native forest tree species in Europe. Currently, seeds from both non-native European and native American seed stands are used for plantations. In this study, we investigate European seed lots for their native origin (variety and potential geographic origin in America) and assess the adaptability, growth and survival potential of European versus American Douglas-fir seed lots. We compare the genetic diversity, morphological characteristics such as height (h), root collar diameter (rcd) and the ratio of h/rcd, and the timing of bud burst. We investigate 852 1-year-old seedlings from 10 different US and European seed lots representing 5 provenance regions which are sold in Germany and Austria. Seedlings are genotyped for 13 nuclear SSRs and analysed together with reference data set and standard genetic structuring and assignment methods. Adaptive traits of morphological characteristics and timing of bud burst of the seedlings are recorded and statistically analysed. The results show that the investigated European seedlings originate from recommended American native seed sources and represent both varieties and inter-varietal admixed individuals. European seedlings have a lower genetic diversity versus the American seedlings and native populations. They show significant differences in the adaptive traits such as morphological characteristics and timing of bud burst. According to the genetic diversity indices, certified North American Douglas-fir seed sources should be preferred for planting in Central Europe.
Introduction
The Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) is the second most cultivated non-native conifer tree species in Europe after the Sitka spruce (Köble and Seufert 2001) , which grows in more than 35 European countries. Within its native distribution range, in western North America, two distinct varieties of the Douglas-fir are known: the coastal variety (P. menziesii var. menziesii) and the interior variety (P. menziesii var. glauca). The coastal variety grows along the Pacific coast and the west facing slopes of the Rocky Mountain range from British Columbia, Canada to California, USA. The interior variety (also called Rocky Mountain variety) grows further east of British Columbia, across the Rocky Mountains to New Mexico (USA) (Eckenwalder 2009 ). In the contact zone of the two varieties, hybridization is evident (Gugger et al. 2010; van Loo et al. 2015; Wei et al. 2011) .
The complex glacial and postglacial history during the Quaternary period accompanied by the adaptation to very Communicated by Christian Ammer.
Electronic supplementary material The online version of this article (doi:10.1007/s10342-017-1072-1) contains supplementary material, which is available to authorized users. different ecological conditions led to specific patterns of genetic diversity and a large genetic variation in adaptive traits (e.g. bud burst, bud set, growth performance, fall and spring frost hardiness) within the native distribution range (Gould et al. 2012; St. Clair 2006; St. Clair et al. 2005) .
In Europe, the current distribution of the Douglas-fir is the result of a long introduction history, which started in 1826 (Köble and Seufert 2001) . In most European countries, the first Douglas-fir stands were characterized by excellent growth and health conditions. At the beginning of the twentieth century, further imports of Douglas-fir seeds to Germany were less successful. This initiated the first provenance tests in Europe, which confirmed the importance of seed origin for cultivation (Bastien et al. 2013) , since it affects the growth, frost sensitivity and tolerance to diseases. As a result, the recommended provenances for Western and Central Europe are the coastal variety from the Western Cascades and the coastal region in Washington as well as Oregon (Barner 1973; Kleinschmit and Bastien 1992) . The interior variety is not as productive as the coastal Douglas-fir and has a higher susceptibility to needle cast (Rhabdocline pseudotsugae) (Eilmann et al. 2013 ). Hence, the interior variety is generally not recommended for cultivation in Europe (Boyle 1999) . Only in continental environments (e.g. Sweden, Finland and former Czechoslovakia) does the interior variety from British Columbia perform better than the coastal variety (Kleinschmit and Bastien 1992) .
Although European Douglas-fir stands planted prior to the 1980s are of unknown geographic seed origin (Bastien et al. 2013) , several of these stands were selected and certified for harvesting and trading forest reproductive material of the Douglas-fir (seeds, parts of plants, planting stocks). The underlying assumption was that Douglas-fir is appropriate for the ecological conditions in Europe. Since these stands have largely not been tested for their genetic origin, an artificial mixture of both varieties and different native origins cannot be excluded (Bastien et al. 2013; Klumpp 1999; Konnert and Ruetz 2006) . Such mixtures can influence the genetic diversity in natural regeneration and in seeds, which may decrease due to inbreeding and assortative mating (Fussi et al. 2013; Konnert and Ruetz 2006) . Furthermore, the European seed stands are rather small in size (less than 1 ha) and often show a patchy tree distribution, which negatively influences the population structure and mating patterns (Ratnam et al. 2014 ). In the native distribution range, large Douglas-fir stands ensure a widespread population with an extensive pollen gene flow. Today, Douglas-fir seedlings from European stands as well as from native forest stands in North America are planted.
In Europe, two legal frameworks for the trading of forest reproductive material (seeds, parts of plants, planting stocks) are in place: (1) the European Council Directive 1999/105/EC for Members of the European Union; and (2) the regulation of the Organization for Economic Co-operation and Development (OECD) open for all countries who wish to participate (Ackzell 2002) . The EU directive differentiates between four categories (1) "source identified", (2) "selected", (3) "qualified" and (4) "tested" according to the basic material, e.g. seed sources, seed stands and seed orchards. Each European member state can enforce its own more rigorous rules for the approval of basic material and production of FRM (forest reproductive material) (Konnert et al. 2015) . At an international level, the OECD scheme defines the same four categories (OECD 2007) .
With the increasing interest in cultivating Douglas-fir as an adaptation option to climate change in Europe, planting suitable FRM is of increasing importance. Thus, assessing the differences in the characteristics between American versus European FRM is important. Commonly, the genetic diversity is seen as a measure of the adaptive potential (Adams et al. 1998; Konnert and Fussi 2012) of the tree population to changing growing conditions. Demographic processes (e.g. bottlenecks, founder events) caused by forest management practices such as selective thinning followed by natural or artificial regeneration may shape the genetic composition of the European seedlings leading to a reduced genetic variation (Ratnam et al. 2014) . Adaptive traits are reflected in the morphology and phenology of a plant. The morphological characteristics (1) shoot height and (2) root collar diameter of seedlings are considered as an indicator for the growth and survival potential (Haase 2007; Landis et al. 2010) . The timing of bud burst is an important adaptive parameter, as young shoots of the Douglas-fir are highly susceptible to latefrost damages caused by late-spring frost temperatures (Steiner 1979) .
In this study, we test European seed sources for their native origin (variety and potential geographic origin in America) and investigate the adaptation, survival and growth potential of European versus American Douglas-fir seed sources. We use cultivated one-year-old seedlings from 10 different American and European seed lots to assess (1) the native origin and genetic diversity of seedlings of a given seed lot, (2) morphological characteristics, such as height, diameter as well as sturdiness (height/diameter) as an indicator for seedling quality and (3) the timing of bud burst, which is an adaptive trait and reflects susceptibility to late frost. Here, we combine two different approaches: firstly population genetics to determine the native origin and genetic diversity and secondly the assessment of adaptive traits to elucidate the growing and survival potential.
Materials and methods

Seedlings
The seedlings for our study are provided by an Austrian company producing containerized forest seedlings. The commercial available seed lots come from 10 different seed stands (S01-S10) ( Table 1 ) and represent 5 provenance regions: two seed stands are located in Austria, three in Germany and five in the US (Fig. 1) . Each seedling population consists of 65-98 plants (Table 1 ). The seed lots are selected according to the demand in Austria and Germany. Since Darrington is currently the most demanded provenance, three seed sources are selected (B. Igler, personal communication, 31 May 2015) . The European seed stands grow in the Waldviertel (Austria) and in the Südost-deutsches Berg-und Hügelland (Germany) and belong to the FRM (forest reproductive material) category "selected". According to national legislation, the minimum number of harvested trees for this category requires 10 individuals within a given seed stand in Austria (Müller and Strohschneider 2004) and 20 in Germany (Behm et al. 2007) .
The American seed stands are Darrington, Trout Lake and Randle and belong to the category either "selected" or "source identified" (Table 1 ). In the native range, the seed stands are harvested with the help of Douglas squirrels (Tamiasciurus douglasi), which collect and store Douglasfir cones in holes. These cones are collected within the harvesting area which can encompass several hundred hectares (Konnert and Ruetz 2011) .
The category "source identified" defines FRM as material from a seed stand located within a single region of provenance, where little or no phenotypic selection has taken place. The FRM category "selected" defines material from a phenotypically selected stand (Council Directive 1999/105/EC). In Austria, both categories are common; in Germany, only the category "selected" (see § 13 FoVG) (Forstvermehrungsgutgesetz (FoVG) 2002) is permitted.
Experimental set-up
In April 2012, the commercial seeds were germinated in pots with a volume of 50 cm 3 and the components of the soil substrate were white peat with fraction 0-5 mm (90%) and horticultural pearlite with fraction 0-3 mm (10%). After germination, the seedlings were separated and in December 2012 transported to the laboratory of the Institute of Silviculture in Vienna, Austria. Leaf samples of 30 (10 small, 10 medium and 10 large) seedlings per seed lot (in total 300 samples) were collected, dried and stored in silica gel prior to the DNA extraction. The morphological characteristics height and root collar diameter of each individual seedling were recorded.
The seedlings were further cultivated in the same pots with a distance of 3 cm to each other as a randomized block design and placed at the experimental forest garden "Knödelhütte". The garden is located in the western part of Vienna at an elevation of 290 m above sea level (N 48°13′ E 16°14′) with a mean annual temperature of 10.3°C and a mean annual precipitation rate of 603 mm. Three different stages (1) dormant, (2) axillary (lateral) bud burst completed and (3) terminal bud burst completed (when green needles were first visible) were recorded to assess the bud burst development (Fig. 2) . The bud stages were recorded every second week from 20 February to 15 April 2013, until the first bud was flushing. From 15 April, the stages were recorded on a daily basis at 9 am until terminal bud burst of each seedling was completed. 
DNA extraction and nuSSR genotyping
Total DNA from 25 g of powdered leaf samples per individual was extracted applying the commercial OMEGA E. Z.N.A Plant DNA Kit (OMEGA Bio-Tek, Inc., Norcross, Georgia, USA) according to the manufacturer´s instructions. The extracted DNA samples were amplified and genotyped with 13 nuSSRs. The 13 nuSSRs are identical to those used by van Loo et al. (2015) . Details on the PCR procedure are given in van Loo et al. (2015) .
Analyses and results
Variety composition and potential native origin
We started our analysis by assessing the variety (coastal or interior) and the potential geographic origin of the seed lots in Northwest America. Both the variety composition and the potential native origin were assessed using multilocus genotype data of the studied seedlings and the reference data set developed by van Loo et al. (2015) . Genotypes were not corrected for null alleles. The reference data set represents genotypes of 746 individual Douglas-fir trees from 36 reference populations and covers the natural distribution range in Northwestern America ( Figure S1 in the supplementary materials). The reference populations were genotyped with identical nuSSRs to those used in our study.
The variety composition was assessed by applying the software STRUCTURE v.2.3.4, which uses a Bayesian clustering approach by applying the Markov chain Monte Carlo (MCMC) algorithm to allocate individuals to clusters (K) that are genetically similar (Falush et al. 2003 (Falush et al. , 2007 Pritchard et al. 2000) . We used the multilocus data of the reference data set to pre-define 2 clusters (K = 2), representing the two varieties, and probabilistically assigned all individual seedlings to these clusters. Twenty independent runs were applied, one for each cluster (K) with a burn-in period of 50,000, followed by a run length of 100,000 iterations. As recommended by Falush et al. (2003) , we used an admixture model that allows the seedlings to have admixed ancestries, permitting it to detect inter-varietal admixed individuals. In addition, we used correlated allele frequencies, as we expected similar frequencies due to the common ancestors of the two varieties. For each independent run, the software STRUCTURE estimates a membership coefficient (Q), which corresponds to the probability of an individual belonging to each cluster. An individual was declared as coastal with Q[0.90, as Rocky Mountain with Q \ 0.10 and inter-varietal admixed with 0.90 [ Q [ 0.10. To find the optimal alignment of the 20 independent runs, the software CLUMPP v.1.1.2. was used. The estimated individual membership coefficients (Q) were averaged using the greedy algorithm in CLUMPP to correct for discrepancies between runs (Jakobsson and Rosenberg 2007) . Then, the average Q values were plotted using DISTRUCT v.1.1 (Rosenberg 2004) .
The potential geographic origin of the studied European seedlings in Northwestern America was estimated using genetic assignments of the software GeneClass2 (Piry et al. 2004 ). Although we knew the origin of the American seedlings, we also applied the analyses of these seedlings to test the accuracy of the applied assignment methodology. Seedlings of all seed stands (here S01-S10) were assigned to the reference populations of the reference data set. Three types of methods for likelihood estimation are available in GeneClass2. In our study, we applied two of them: (1) the frequency-based method after Paetkau et al. (1995) and (2) the distance-based method using Nei's (1972) standard genetic distance-based criteria according to Takezaki and Nei (1996) . The frequency method after Paetkau et al. (1995) assigns an individual or group of individuals to the reference population with the highest likelihood (score) according to its multilocus genotypes and the allele frequencies (Hauser et al. 2006 ). We applied a threshold likelihood value for assignment of p \ 0.05. The distancebased method (Nei 1972; Takezaki and Nei 1996) assigns an individual or group of individuals to the reference population according to the smallest genetic distance (Piry et al. 2004) . We use Nei's (1972) standard genetic distance D S to calculate a rank with the corresponding scores (%) to all reference populations. Commonly, frequency-based methods are more powerful than distance-based methods (Hauser et al. 2006 ). The distance-based methods tend to be less sensitive to violations of the Hardy-Weinberg Equilibrium (HWE) (Hauser et al. 2006) , which could be the case in European populations as they might originate from small, fragmented but also cultivated variety mixed stands. This suggests using both methods.
All seedlings of the stands S03, S04, S05, S07, S08, S09 and S10 were assigned to the coastal variety (Fig. 3) . For the Austrian stand S02, three of 30 individuals were assigned to the interior variety and four individuals were allotted to be inter-varietal admixed seedlings. The remaining 23 seedlings were assigned to the coastal variety. For population assignments, S02 was analysed with 30 individuals to test if it is derived from the admixture zone in the natural distribution range. Furthermore, S02 was separated into the 2 varieties (coastal and interior Douglas-fir) to investigate if it was established by two different seed sources. One inter-varietal admixed individual was detected in the US stand S06 and the Austrian stand S01 (Fig. 3) .
The assignment results for the potential native origin are given in Table 2 and Fig. 4 . The frequency-based assignment method of Paetkau et al. (1995) showed score values of correctly assigned populations of 100% in almost all studied populations. Accordingly, seedlings of the European stands (S01, S02, S03, S05) matched the reference populations (R) of the coastal variety R11, R15, R16 and R11 in the Western Cascades in Washington, respectively. The seedlings of S04 were allocated to R32, a coastal variety from Vancouver Island in British Columbia, Canada. Three seedlings of the Rocky Mountain variety of S02 referred to R18 in British Columbia. Results of S02 showed that the population with 30 variety mixed and admixed individuals, and if separated by variety (27 coastal individuals), was allotted to the same reference populations (Table 2) . Hence, we conclude that S02 includes two different seed sources and does not originate from the admixture zone. The seedlings of the native US populations were assigned to reference populations in the Western Cascades in Washington and Oregon with the following results: S06-S08 (Darrington) to R15, the seedlings of S09 (Randle) to R11 and those from S10 (Trout Lake) to R05.
When using the second method based on Nei's distance approach, the same reference populations for S01, S03 and S05-S10 were identified. However, the populations S02 and S04 were assigned to R30/R27 and R30, respectively. The likelihood score values, a measure for the probability of a studied population belonging to the reference population, ranged between 5.2 and 11.1%. We built 10 small subsamples with 3 randomly selected individuals of the reference population R18 and R27 to analyse the reliability of group assignments with 3 interior individuals for S02, (Table 3 ). The subsamples were assigned to reference populations following identical steps as for the other assignments. The randomly selected individuals were left out in the corresponding reference population. Results showed that the subsamples (1-10) were correctly assigned to R27 and R18 (Table 3) .
Genetic diversity
Using the software GenAlEx v. 6.5 Smouse 2006, 2012) , we assessed the genetic diversity of the seedlings using the following diversity parameters: (1) allelic diversity (Na), (2) effective number of alleles (Ne), (3) observed frequency of heterozygotes (Ho), (4) expected frequency of heterozygotes (He) and the (5) inbreeding coefficient (Fis). Fis values were tested for significance (p 0.05) of their deviation from the HWE (Hardy-Weinberg Equilibrium), also using the software GENEPOP v.4.1.4 (Raymond and Rousset 1995; Rousset 2008) . We further calculated the allelic diversity parameters (6) allelic richness (As) and (7) private allelic richness As(p) (the number of distinct alleles private (specific) to a population based on a standardized population size by rarefaction using ADZE v. 1.0) to allow a comparison of populations with different sample sizes (Szpiech et al. 2008 ). We applied a standardized population size of 8 individuals, which is the same as used in the reference data set (van Loo et al. 2015) .
The procedure allowed us to compare the allelic richness of the European seedlings with their corresponding native reference population since it accounts for differences in the sample size. If a population consists of a mixture of both varieties (as was the case with the Austrian S02), the genetic diversity indices by variety were calculated as well.
An independent t test was applied (with PASW Statistics for Windows Version 18.0) to evaluate the differences between the mean of the two independent groups. We compared the genetic diversity parameters between seedlings from the US and the European stands and the allelic richness parameter (As 8 ) of the seedlings from European stands with the reference populations from van Loo et al. (2015) .
The results for the calculated genetic diversity indices (Na, Ne, Ho, He, Fis, As 8 and As 8 (p)) of the European and American seedlings are given in Table 2 . For S02, these indices were additionally calculated for the coastal Douglas-fir variety. The t test revealed that Na (p = 0.021), Ne (p = 0.001), H E (p = 0.023) and As 8 (p = 0.015) were significantly higher within the US populations versus the European populations. Other diversity parameters (Ho, Fis and As 8 (p)) of the European seedlings were within the range of the American seedlings. The Fis were significantly positive, indicating deviations from HWE. This could confirm previously published data on the Douglas-fir. The Fig. 4 Illustration of the assignment results according to the frequency-based approach after Paetkau et al. (1995) . Geographic locations of the US populations (S06-S10) and the reference populations are marked with crosses and circles, respectively comparison with the assigned native reference populations R11, R15, R16, R32 (Table S1 in the supplementary materials) of the frequency-based approach, revealed that the allelic diversity parameter As 8 of the European seedlings was significantly lower (p = 0.008).
Morphological characteristics
For the statistical analyses of the morphological characteristics, the PASW Statistics for Windows Version 18.0 was used. The Levene test was applied to verify the assumptions of equal variances. For equal variances, an analysis of variance (one-way ANOVA) using the post hoc test Scheffé for multiple comparisons was used at a significance level of α = 0.05. If the assumption of homogeneity of variances was violated, a one-way ANOVA with Welch's F-test using the post hoc test Games-Howell for multiple comparisons of unequal variances was performed at a significance level of α = 0.05.
Height
The adjusted Welch ANOVA determined a statistically significant difference between seedlings of the 10 seed populations (p \ 0.001). Multiple comparisons (see Table 4 ; Fig. 5 ) of the studied populations indicated a significantly higher growth performance of the Austrian seedlings from S02 (µ 16.9 cm) when compared to seedlings from all other studied seed populations, followed by the seedlings of the US population S09 (µ 15.7 cm). The seedlings from the US population S10 (Fig. 6) showed the lowest growth performance with a mean value of 11.5 cm (highly significant). The seedlings from the remaining populations from Europe (S01, S03-S05) and the USA (S06-S08) indicated similar height growth rates ranging from 13.1 to 14.1 cm.
Root collar diameter
The one-way ANOVA determined a statistically significant difference between seedlings of the 10 seed populations (p \ 0.001) of the morphological feature root collar diameter (range 1.8 to 2.2 mm) (Table 4; Fig. 5 ). Again the seedlings of the Austrian population S02 showed the highest growth in diameter (µ 2.2 mm) compared to seedlings from all other populations (significantly, except S01 and S09). The seedlings of the US population S07 revealed the lowest mean diameter at 1.8 mm. The German population S03 (µ 2.1 mm) indicated a significantly better growth performance in diameter compared to the US populations S06, S07 and S10.
Height/diameter
The adjusted Welch ANOVA determined a statistically significant difference between the seedlings of the 10 stands (p \ 0.001). Multiple comparisons (see Table 4 ; Fig. 5 ) indicated the highest ratio in height to diameter in seedlings from the US population S09 (µ 8.4), which is significantly higher compared to seedlings of all other populations, except S02 (µ 7.9). The seedlings of the US population S10 showed the lowest mean value of the sturdiness quotient at 6.3, followed by S03 at 6.6. In all other populations, similar values ranging between 7.0 and 7.4 were found.
Timing of bud burst
The investigated bud burst development stages showed that within 15 days (15.04.2013 to 29.04.2013) , all seedlings completed stage number 3, when the first green needles of the terminal bud were visible. The separate examination of lateral and terminal bud burst indicated that 70% of the auxiliary buds flushed earlier than the terminal buds. Following this, the timing of the terminal buds was evaluated. The same statistical analysis, as described in "Morphological characteristics" section, was applied to compare the timing of bud burst. For estimating the effect of the population, blocks and their interaction, a general linear model (GLM) was applied. Therefore, each population was treated as fixed, and blocks as a random variable. Results of the GLM analysis showed that the main effect of population is significant (p 0.015) (see Table 5 ). Random block effects and population times block interactions were not significant (p 0.167 and 0.234, respectively) ( Table 5 ). The timing of the terminal buds was further evaluated according to Welch's one-way ANOVA and the statistically significant difference between seedlings of the 10 seed populations was determined (p \ 0.001). The post hoc test Games-Howell for multiple comparisons was used to determine which specific seed lots differ. Results of the multiple comparisons showed the earliest bud burst of seedlings from the European stands S01 and S04 with a mean of 8.3 days, which is significantly earlier compared to seedlings from the German population S05 (µ 9.8 days) and the US population S08 (µ 10.1 days) (Table 6 ; Fig. 7 ). Bud flushing within the native US populations (S06-S10) ranged between 8.6 and 10.1 days (Table 6) . Multiple comparisons showed a significantly earlier timing of bud burst of S09 (µ 8.6 days) as compared to S08 (µ 10.1 days) (Table 6 ; Fig. 7) . In all other populations, no significant differences were found with mean values ranging between 8.9 and 9.6 days.
Discussion
The assignment tests of the European stands (see Table 2 ; Fig. 4) showed that they come from the recommended seed zones for Douglas-fir cultivation in Austria and Germany (Kleinschmit et al. 1979; Weißenbacher 2008) . However, the assignment results also show that forest stands from the European provenances "Waldviertel" (S01, S02) and "Südostdeutsches Berg und Hügelland" (S03, S04, S05) come from various native provenances (Table 2 ; Fig. 4) . We also found that the Austrian stand (S02) contained a mixture of coastal, interior and inter-varietal admixed seedlings (Fig. 3) . This is crucial since the interior variety is not recommended for planting due to its lower growth performance and higher susceptibility to fungi. In Bavaria (Germany), this problem has been recognized and certified seed stands must be genetically tested to ensure that no seed collections come from mixed variety stands (Konnert Table 2 Genetic diversity and assignment results for seedlings from seed source populations of Douglas-fir including the mean for the number of alleles (Na) and the effective number of alleles (Ne), the frequency of the observed heterozygosity (Ho) and the expected heterozygosity (He) after Hardy-Weinberg equilibrium, the inbreeding coefficient (F IS ), the number of alleles expressed as allelic richness (As 8 ) and unique alleles expressed as private allelic richness As 8 (p) at a standardized population level of 8 as well as AR (assignment to reference populations with 18-22 individuals) according to Nei's standard distance (D S ) and the frequency-based approach (F) after Paetkau et al. (1995) N provides the number of investigated seedlings per seed source population a Genetic diversity results refer to the coastal variety only, and assignment results refer to coastal and interior individuals * Significant deviation from HWE (Hardy-Weinberg equilibrium) p \ 0.001 (100) 9 R18 R27 3 R18 (11.5), R27 (15.1) R18 (100), R27 (100) 10 R18 R27 3 R18 (10.5), R27 (13.0) R18 (100), R27 (100) Subsamples were built by using 3 randomly selected individuals from R27 and R18. AR (assignment to reference populations) according to Nei's standard distance (D S ) and the frequency-based approach (F) after Paetkau et al. (1995) including score (in %) of GeneClass2 and Fussi 2012). These genetic tests are planned for other German states (BLE 2016 ) and should be extended on an European level to ensure the best growing potential. By assigning the native US seed lots to the reference populations, the performance of the applied assignment methods revealed the validity of the procedure since seed lots were correctly referenced to populations of similar geographic locations in the USA (Fig. 4) . Nevertheless, further testing of the European planting material is suggested because (1) our analyses addressed the population level only and not the individual level and (2) all genetic analyses were restricted to 30 individuals. Analyses of larger sets might also reveal a larger number of interior variety and intervarietal admixed individuals, and (3) European FRM might originate from variety mixed stands or be influenced by gene flow from neighbouring Douglas-fir stands. The genetic diversity indices of Na (p = 0.021), Ne (p = 0.001), H E (p = 0.023) and As 8 (p = 0.015) were significantly higher within the US populations versus the European populations (Table 2 ). The private allelic richness (As(p)) of the European seed lots revealed overlapping values compared to American seed lots indicating distinct alleles specific to each population. In the European population S02, the highest As(p) value was found (Table 2) , most probable as a result of the detected interior and intervarietal admixed individuals which account for the distinct alleles. The comparison of the assigned native reference populations R11, R15, R16, R32 (Table S1 in the supplementary materials) with the European seed lots showed significantly higher values of allelic richness (As 8 ) (p = 0.008). The allelic richness is an estimator for the genetic diversity within populations and may decline for smaller populations (bottleneck or founder effect) (El Mousadik and Petit 1996) . This indicates that the European seed lots come from stands with assortative mating, where the small sized, and sometimes patchily distributed seed stands can limit gene flow or have been collected from a small number of trees.
The seedling height can be related to the photosynthetic capacity and the transpiration, leading to a competitive advantage of taller seedlings within the shrub layer, but decreasing the survival rate due to drought stress and/or wind damage (Haase 2007) . A larger root collar diameter suggests a larger root system, which is important for tree growth (Haase 2007) . Blake et al. (1989) reported increased survival rates of Douglas-fir seedlings and a correlation with increased stem diameter. According to Rose and Ketchum (2003) , a difference of 2 mm leads to an increase in stem volume of 35-43% after 4 years.
Although we could only obtain data from one growing season, the height and root collar diameter suggest that the best growing potential was evident for the Austrian population S02 (Table 4 ; Fig. 5 ), while the seedlings from the US population S10 (Fig. 6) showed the lowest height growth performance of all the investigated populations (p \ 0.05). The ratio of height to diameter suggests that seedlings with high ratios are more susceptible to wind, drought and frost damages (Haase 2007) . Thus, to reduce the risk, the h/d ratio should range between 5.5 and 7.5 for planted Douglas-fir plants (1.5-2 years old) (Bauer et al. 2009 ). The highest h/d ratio was evident for the US population S09 (µ 8.4) and was significantly higher versus all other populations except S02 (p \ 0.05) ( Table 4 ; Fig. 5 ). According to Bauer et al. (2009) , the US population S09 (µ 8.4) and the European population S02 (µ 7.9), have a higher susceptibility to damages after planting.
Summing up, the European population S02 showed the best growth performance (see Table 4 ; Fig. 5 ), but the h/ d ratio of 7.9 indicates a higher risk of damages after planting. The US populations S10 and S07 showed the lowest growth performance in terms of height and root collar diameter, respectively. The highest risk for damages after planting is evident for the US population S09.
Selecting the best seed source reduces the risk of frost damage due to the high heritability of bud burst traits by approximately 80% (Janßen and Rau 2008) . Multiple comparisons showed that the European populations (S01, S04) exhibited a significantly earlier timing of bud burst (Table 6 ) as compared to the European population (S05) and the native US population (S08). Within the native range, population S09 exhibited a significantly earlier timing of bud burst as compared to S08 (Table 6 ). Hence, the European seed sources S01 and S04 and the US seed source S09 might be more susceptible to frost damages. The high range of bud burst within the native populations (µ 8.6 and 10.1 days) confirms the results of a previous study by St. Clair et al. (2015) , which also showed a high variation in bud burst and early bud flushing related to latitude and summer drought of coastal Douglas-fir.
Conclusion
European provenance regions consist of different native origins and represent both varieties of Douglas-fir. The genetic diversity of the European seed lots was lower in comparison with seed lots from America and native populations. According to these results, we recommend native FRM from certified North American Douglas-fir seed sources. Provenances from coastal British Columbia, the Western Cascade Mountains and Oregon with a mean annual temperature ranging from 6 to 9.5°C are predicted to be the most productive for Central Europe under both current and future climate conditions (Chakraborty et al. 2016) . They are also characterized by the highest genetic diversity for the Douglas-fir (Table S1, Figure S1 in the supplementary materials), with a peak in Northern Oregon and Southern Washington west of the Cascades and decreasing trends towards south and north of the distribution range (Li and Adams 1989; Neophytou et al. 2016; van Loo et al. 2015) .
When using European FRM, only FRM of known variety and native origin should be planted. Hence, we strongly advise to continue testing European seed stands of unknown origin for variety composition and potential native origin. This would be a valuable improvement in FRM certificates provided by/for seed and forest managers and forest owners in Europe.
